Abstract: Several therapeutic advancements in the treatment of B-cell acute lymphoblastic leukemia (ALL) have surfaced in the past decade, primarily driven by an increased understanding of the immunopathobiology of this disease. The clinical use of blinatumomab, a bispecific antibody that coordinates cytotoxic CD3+ T lymphocytes and CD19+ lymphoblasts, has resulted in improved outcomes in both relapsed/refractory and minimal residual disease-positive B-cell ALL. Promising emerging data also demonstrate the efficacy of this agent in the frontline setting and in combination regimens. Uncertainty remains regarding the optimal sequencing and combination of blinatumomab with cytotoxic chemotherapy and other emerging agents. The pharmacology and clinical data on blinatumomab for adult B-cell ALL, both as monotherapy and in combinations, will be reviewed herein.
Introduction
Acute lymphoblastic leukemia (ALL) is a hematologic malignancy caused by proliferation and accumulation of lymphoid progenitor cells in the bone marrow or in extramedullary sites. ALL can present with B-cell and T-cell phenotypic subgroups; however more than two-thirds of all cases in adults are B-cell phenotype. 1 ALL affects children, adults, and older adults, with treatment outcomes differing among each age group. Over half of new B-cell ALL cases occur in children, with a second peak in incidence occurring at >60 years of age. 1 In the past decades, significant progress has been made in the treatment of pediatric ALL, and modern multiagent chemotherapy regimens have resulted in cure rates >90% in many subgroups. 2 However, these advances have not translated to similar outcomes in adult ALL. In adult ALL, multiagent chemotherapy has shown higher complete remission (CR) rates (80-95%), but high treatment-related mortality and frequent relapses leading to a cure rate of only 30-50%. 3 Adults with ALL have poorer outcomes than their pediatric counterparts due to more frequent high-risk disease features (e.g. poor-risk molecular and cytogenetic abnormalities), higher rates of comorbidities, and less physiologic reserve to tolerate aggressive cytotoxic chemotherapy. 4 Adults >60 years of age have consistently poorer outcomes when compared to younger individuals, with 5-year OS <20% even in patients treated at academic centers. 5, 6 For patients with relapsed/refractory disease, outcomes are dismal, with cure achieved in <10% in several studies when combination salvage chemotherapy is used. 7, 8 Recent years have witnessed the development of more sophisticated means of characterizing tumor biology, 9 extremely sensitive assays used to assess residual disease burden, 10, 11 and accelerated development of several novel targeted therapies. 12 These advancements have resulted in significant improvements in the treatment of adult ALL subtypes, particularly in the relapsed/refractory setting. This review will focus on one such improvement, the bispecific CD3-CD19 antibody blinatumomab. Blinatumomab currently carries US Food and Drug Administration (FDA) approvals for the treatment of relapsed/refractory B-cell ALL and minimal/measurable residual disease (MRD)-positive B-cell ALL in adults. Herein, we will review the pharmacology of blinatumomab and the clinical data for its use in these settings. We will also discuss the emerging data supporting the use of blinatumomab in the frontline setting and in combination with chemotherapy and other novel agents.
Blinatumomab
Blinatumomab is a 55-kilodalton fusion protein consisting of two recombinantly expressed single-chain variable fragments (murine anti-CD19 and anti-CD3) joined by a flexible glycineserine linker. 13 ( Figure 1 ) CD19 is a cell surface antigen expressed ubiquitously on precursor B-cells, and has been implicated in the self-renewal capacity of leukemia cells.
14 CD3 is a T-cell co-receptor involved in the activation of various types of T cells. 15 The bispecificity of blinatumomab leads to the colocalization of cytotoxic T lymphocytes (CTLs) and B-cells expressing CD19, leading to the release of cytotoxic granules containing granzyme and perforin, and ultimately resulting in induction of apoptosis of the malignant B-cells. 13, 16 ( Figure 2 ) Blinatumomab also results in the elaboration of various cytokines including interleukin (IL)-2, tumor necrosis factor-α, interferon-γ, IL-6, IL-10, and IL-4.
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The role of cytokine release is unclear with regards to its efficacy but is responsible for some of the common adverse events observed with blinatumomab. 17 These on-target effects are achieved at a very low drug concentration (10-100 pg/mL). 18 The high potency of blinatumomab has been attributed to costimulatory molecule-independent CTL expansion as well as its capacity for serial cytolysis at low effector-totarget ratios.
19-21
The pharmacokinetics of blinatumomab have been summarily described in an analysis of multiple studies including 387 patients exposed to blinatumomab at various doses. 22 plasma concentrations range from 565 to 771 pg/mL. Blinatumomab exhibits minimal tissue distribution approximating the plasma compartment (V D 4.5L). On aggregate blinatumomab exhibits rapid clearance (mean CL 2.7 L/h) and has a very short elimination half-life (t 1/2 1-2h). Population analysis of blinatumomab clearance reveals a bimodal distribution with significant interindividual variability. In this study, a minority (10%) of patients exhibited ultrarapid clearance of blinatumomab (>5L/h). The mechanism of blinatumomab catabolism is incompletely described. Less than 0.2% of blinatumomab is recovered as a complete drug molecule in urinary assays. Age, sex, race, type of hematologic malignancy, renal function, and hepatic function have not been shown to significantly affect blinatumomab pharmacokinetics. Blinatumomab appears to exhibit minimal immunogenicity, with <1% of patients in this analysis developing neutralizing anti-drug antibodies. Because of its extremely short half-life, blinatumomab must be administered as a 24 hr continuous intravenous infusion, which can present practical challenges to drug delivery. cellular signaling events lead to the production and release of cytotoxic granules containing granzyme and perforin. Perforin forms a pore in the target cell membrane and delivers granzymes into the cytosol, granzymes then activate caspases and induce apoptosis.
Evidence Summary
Available clinical studies evaluating the efficacy of blinatumomab in the relapsed/refractory, MRD-positive, and frontline settings will be reviewed below. A tabulated summary of the safety and efficacy findings from these studies is listed in Table 2 . Where ongoing clinical trials incorporating blinatumomab are referenced, readers are directed to Table 3 .
Relapsed/refractory B-cell ALL Ph-Negative B-Cell ALL: Monotherapy
In an early open label Phase I/II study, 36 patients with relapsed/refractory Ph-negative B-cell ALL received blinatumomab at either escalating doses or fixed-dose at trial entry. 23 Fatal neurologic and cytokine release syndrome (CRS) events were observed in the fixed-dose group, and therefore this dosing strategy was abandoned. The remaining 18 patients enrolled received a ramp-up strategy with a maximum dose of 15 mcg/m 2 /day. Patients were permitted to receive up to 4 cycles of blinatumomab (4 weeks of continuous infusion followed by a 2-week off period). Among 36 patients treated, 25 patients (69%) achieved CR or CR with partial hematologic recovery (CRh). Among the responders, 22 (88%) achieved MRD negativity, with the majority after the first cycle of blinatumomab. Median OS was 9.8 months, and median relapse-free survival (RFS) was 7.6 months. Six patients had grade 3 or higher central nervous system (CNS) toxicity, and 2 patients had grade 4 cytokine release syndrome. Although the pathophysiology of CRS is incompletely understood, it is postulated that blinatumomab administration sometimes results in the activation of bystander immune and endothelial cells, resulting in systemic inflammation. 24 In a follow-up long-term analysis of this study population, 10 of 36 patients (28%) were long-term responders (defined as OS >30 months). 25 MRD response was strongly associated with long-term response (with all long-term responders achieving MRD negativity). In this analysis, T-cell expansion was more pronounced in MRD responders, confirming the relationship between the ontarget effects of blinatumomab and clinical outcomes. 25 A subsequent confirmatory Phase II study was conducted in which 189 patients with relapsed/refractory Ph-negative B-cell ALL were treated with blinatumomab 9 mcg/day for 1 week, followed by 28 mcg/day for 3 weeks, and then a 2-week drug-free interval. 26 Seventy-four patients (39%) were in their second or greater relapse, and 64 (34%) had previously undergone HSCT. After 2 cycles, 43% of patients achieved CR/CRh. The overall response rate (ORR) was strongly associated with lower baseline blast percentage (73% if <50% blasts versus 29% if ≥50% blasts). Among evaluable responders, 82% also achieved an MRD response. Median OS for the entire study population was 6.1 months, and median RFS was 5.9 months. Twenty-four grade 3 or higher CNS adverse events occurred (12% rate), and three grade 3 or higher instances of CRS occurred (2% rate). The findings of this study led to the preliminary accelerated FDA approval of blinatumomab monotherapy for relapsed/refractory Ph-negative B-cell ALL in 2014, pending additional confirmatory studies. Notably, blinatumomab was the first FDA-approved bispecific antibody, representing a new class of effective antibody constructs in oncology.
The pivotal Phase III TOWER study was an international, multicenter, open-label trial that randomized 405 patients with relapsed/refractory Ph-negative B-cell ALL in a 2:1 fashion to either blinatumomab monotherapy by continuous infusion (administered as 9 mcg/day on week 1, followed by 28 mcg/day on weeks 2-4, followed by a 2-week drug-free period) or multiagent chemotherapy. 27 Patients who were randomized to blinatumomab could receive up to 5 cycles as induction and consolidation, followed by maintenance blinatumomab for up to 1 year (i.e. 4-week blinatumomab infusion every 12 weeks). Overall, 45% of patients were in second or greater salvage, 34% had previously undergone HSCT, and 75% had ≥50% bone marrow blasts at enrollment. The chemotherapy regimens employed were FLAG-IDA (45%, fludarabine, highdose cytarabine, and granulocyte colony-stimulating factor with or without an anthracycline), a high-dose cytarabinebased regimen (17%), a high-dose methotrexate-based regimen (20%), and a clofarabine-based regimen (17% ALL in 2017. The inclusion of patients with Ph-positive B-cell ALL was based on promising results in this subset from the parallel phase II ALCANTARA study which will be discussed below.
Ph-Negative B-Cell ALL: Combination Therapy 28 An ongoing phase II trial (NCT01371630) conducted at the MD Anderson Cancer Center has employed a novel regimen of modified, dose-reduced hyper-CVAD (termed "mini" hyper-CVD) with concurrent INO, followed by consolidation with blinatumomab in patients with relapsed/refractory Ph-negative B-cell ALL. 29 The first 49 patients enrolled received induction chemotherapy consisting of 8 alternating cycles of dose-reduced cyclophosphamide, vincristine, and dexamethasone (with omission of doxorubicin) and dosereduced methotrexate and cytarabine. This was followed by 36 months of maintenance therapy or HSCT. Intrathecal central nervous system prophylaxis, the anti-CD20 antibody rituximab (for patients with CD20 expression >20%), and INO were administered during the first four cycles of mini hyper-CVD. After treatment-emergent cases of venoocclusive disease (VOD) were observed, the dose of INO was reduced from 1.8 mg/m 2 in cycle 1 and 1.3 mg/m 2 in cycles 2-4 to 1.3 mg/m 2 in cycle 1 and 1.0 mg/m 2 in cycles 2-4. After initial safety and efficacy was established with this regimen, the protocol was amended again to administer only 4 cycles of hyper-CVD alternating with methotrexate and cytarabine, with lower, fractionated dosing of INO to achieve a total dose of 0.9 mg/m 2 during cycle 1 and 0.6 mg/m 2 during cycles 2-4, followed by 4 cycles of blinatumomab consolidation. The duration of maintenance therapy was reduced to 18 months and consists of 3 cycles of POMP chemotherapy (6-mercaptopurine, vincristine, methotrexate, and prednisone) alternating with 1 cycle of blinatumomab for 16 total cycles. The purpose of these changes is to decrease treatment-related toxicity by using fewer cycles of chemotherapy and using lower and fractionated INO dosing. The incorporation of blinatumomab is intended to distance the INO from subsequent transplant with a goal of reducing VOD and hopefully increasing depth of response by integrating both of these active monoclonal antibody constructs into the same treatment regimen.
In the most recent update, 84 patients with relapsed/ refractory Ph-negative B-cell ALL have been treated with mini hyper-CVD and INO ± blinatumomab. 30 Twenty-three percent had previously undergone HSCT and 42% of patients were in second or greater salvage. To date, only 17 patients (20%) had received the amended regimen with lower, fractionated dosing of INO and incorporation of blinatumomab. ORR defined as CR/CRi or complete response without platelet recovery (CRp) was 80% (92% for first salvage, 56% for second salvage, 60% for third or higher salvage) and 80% of responders achieved MRD negativity. Forty percent of patients underwent subsequent HSCT. Nine (15%) patients treated with the original unfractionated INO dosing schedule developed VOD, compared to 0/17 treated with fractionated, dose-reduced INO. Median OS was 25 months, 6 months, and 7 months for first salvage, second salvage, and third or greater salvage, respectively. Response rates and long-term survival, particularly for patients in first salvage, appear to be substantially better than historical outcomes of patients with relapsed/refractory ALL. 7, 8, [31] [32] [33] This study continues to accrue patients. More patients and longer follow-up will be needed to confirm the additional benefit of adding blinatumomab to the hyper-CVD plus INO regimen. Overall, these data from blinatumomab combination studies compare favorably to blinatumomab monotherapy for relapsed/refractory Ph-negative B-cell ALL, particularly in first salvage, although will require further verification in larger studies. Additional ongoing clinical trials are investigating various regimens incorporating blinatumomab in relapsed/refractory Ph-negative B-cell ALL (NCT03518112, NCT02997761, NCT03160079).
Ph-Positive B-Cell ALL
Approximately one-quarter of patients with B-cell ALL harbor the Philadelphia chromosome, or t(9;22), which results in constitutive expression of the fusion tyrosine kinase BCR-ABL, driving the proliferation of malignant B-lymphocytes. 34 The presence of this translocation has historically been associated with poorer prognosis in ALL, although the advent of BCR-ABL directed tyrosine kinase inhibitors (TKI) has improved prognosis significantly. 35 However, for patients relapsing after standard frontline chemotherapy plus TKI therapy, the outcomes remain poor, which has opened the potential for use of blinatumomab in this setting. The ALCANTARA study was the confirmatory phase II clinical trial that resulted in FDA approval of blinatumomab monotherapy for relapsed/refractory Ph-positive B-cell ALL in 2017. 36 This was the first indication expansion for blinatumomab, and occurred in concert with its full approval for relapsed/refractory Ph-negative B-cell ALL. In this study, 45 patients who had failed at least one second or greater generation TKI received blinatumomab for two cycles. Eighty-two percent of patients had failed at least 2 TKIs previously (including 51% who had received prior ponatinib), 75% had >50% bone marrow blasts at treatment initiation, and 27% harbored the T315I mutation. The CR/CRh rate was 36%, and 31% of patients achieved CR. Nearly all patients who responded did so after cycle 1. Among the 16 responders, MRD negativity was achieved in 88%. In subgroup analyses, CR/CRh rate appeared independent of number of prior TKIs, previous HSCT, or presence of the T315I mutation. Median OS was 7.1 months and 44% of responders were able to be bridged to HSCT. Three patients experienced grade 3 or higher CNS events, and no patients experienced grade 3 or higher CRS. Of note, a recently published propensity score analysis in patients with relapsed/refractory Ph-positive ALL also suggests that blinatumomab is superior to standard chemotherapy when compared to historical controls, with improvement in both ORR and OS. 37 Given persistent dependence on BCR-ABL signaling in relapsed/refractory Ph-positive ALL, the combination of blinatumomab with TKIs is postulated to further improve outcome further. A retrospective report demonstrated the successful use of blinatumomab and concurrent TKI in 13 patients with relapsed/refractory Ph-positive B-cell ALL (n=10) or chronic myeloid leukemia in lymphoid blast phase (n=3). 38, 39 Six patients had an overt hematologic relapse and 7 had MRD-only disease. Patients received up to 4 cycles of blinatumomab, and most patients (62%) received ponatinib as the concomitant TKI. The complete hematologic, cytogenetic, and molecular response rates were 57% (4/7), 75% (6/8), and 77% (10/13), respectively. After 1 year of follow-up, median OS was not reached. Other subsequent retrospective studies including a total of 33 patients treated with blinatumomab plus a TKI further support these findings. 40, 41 To prospectively confirm these findings, ongoing clinical trials are evaluating blinatumomab plus TKI combinations in patients with relapsed/refractory Ph-positive ALL, including blinatumomab + ponatinib (NCT03263572), and chemotherapy + blinatumomab + ponatinib (NCT03147612).
MRD-Positive B-Cell ALL
Up to 50% of adults with ALL have persistently detectable MRD after initial chemotherapy, which is highly predictive of eventual overt hematologic relapse. [42] [43] [44] After the early clinical development of blinatumomab was hampered by significant treatment-emergent adverse effects thought to be related to high baseline tumor burden, it was hypothesized that blinatumomab may be efficacious with fewer instances of high-grade CRS in the setting of MRD-only disease. In a phase II study, 21 patients with MRD-positive ALL in CR received blinatumomab dosed at 15 mcg/m 2 /day for 4 weeks followed by a 2-week drugfree period. 45 MRD was quantified by polymerase chain reaction (PCR) and an MRD load of >10 −4 cells was required for trial entry. Eighty percent of evaluable patients achieved an MRD response (defined as no detectable MRD or MRD load <10 −4 by PCR) after 1 cycle of blinatumomab. Response rates were high in patients with Ph-negative and Ph-positive disease, as well as in patients with high baseline MRD load defined as >10 −2 cells (87%, 60%, 90%, respectively). Thirty-eight percent of patients underwent subsequent HSCT, and 1-year RFS was 78%. Four patients (19%) patients developed grade 3 or higher CNS adverse events and no patient developed CRS, consistent with the hypothesis that lower baseline disease burden would be associated with decreased blinatumomabinduced CRS. Conversely, baseline disease burden has not been shown to correlate with neurologic adverse events. In a long-term follow-up analysis of the entire study cohort, after a median of 33 months, RFS was 61%, which is better than would be historically expected in the setting of MRD-positive disease. 46 The BLAST trial was conducted to build upon these promising but preliminary data. 47 . Four percent of patients were Ph-positive, 36% of patients were in second or greater CR, and 47% . Thirty-six patients in the study cohort did not undergo HSCT or receive chemotherapy after completing the trial protocol, among whom 9 (25%) remained in continuous CR at a median follow up of 24 months, suggesting that long-term remissions may be possible for a subgroup of patients without the need for HSCT. In a post hoc analysis comparing OS in this non-transplanted group to those who underwent HSCT, no significant difference was observed (OR: 1.84, p=0.24). In a 5-year follow-up analysis of the study cohort median OS was not reached in patients who had a complete MRD response, with plateauing of survival curves suggesting possible cure. 48 These data along with MRD response rates observed in clinical trials for overt hematologic disease established that blinatumomab is highly effective at eradicating MRD. Based on these results, blinatumomab gained FDA approval for the treatment of MRDpositive ALL in March 2018 (its most recent indication expansion). One disadvantage of these prospective trials is that they contain a few patients who are Ph-positive. While it is generally assumed that blinatumomab should be effective in this setting, it is not definitely known whether blinatumomab should be combined with a TKI in this setting and also whether HSCT can be safely deferred for MRD responders. In a recent, small retrospective analysis of 9 patients with MRD-positive Ph-positive ALL, blinatumomab administered with TKIs (ponatinib; n=5, dasatinib; n=4, nilotinib; n=1, imatinib; n=1) resulted in MRD clearance in 8/9 (88%) patients, with no relapses among responders after a median follow up of 10.8 months. 49 For patients who are MRD-positive after remission induction, the historical standard of care has been HSCT in first remission. While this approach is still often used, there is more uncertainty as to the necessity of HSCT in the era of blinatumomab. 43 The 5-year analysis and post hoc analysis of the BLAST trial raise the question of whether or not all MRD-positive patients who "clear" MRD with blinatumomab require HSCT to achieve longterm survival or cure. The available data suggests that HSCT after MRD clearance with blinatumomab is associated with a lower rate of relapse but a higher rate of death in remission (due to transplant-related mortality), which may ultimately lead to similar long-term survival whether or not HSCT is performed in this setting. Thus, treatment decisions should be individualized for such patients, taking into account risk for transplant-related morbidity and mortality.
Newly Diagnosed B-Cell ALL
The current standard of care for the frontline treatment of B-cell acute lymphoblastic leukemia is multi-agent chemotherapy, with or without a BCR-ABL TKI depending on the presence or absence of t(9;22), or clinical trial. Most induction regimens contain a backbone of vincristine, corticosteroids, and an anthracycline, along with intrathecal prophylaxis. With cytotoxic chemotherapy, complete remission is achieved in >80% of adult patients and longterm survival in 30-50%. 2, 3 Given the success of blinatumomab in treating relapsed or refractory ALL, it has been proposed that addition of blinatumomab to chemotherapy in the frontline setting may further increase CR rates and improve long-term prognosis. The rationale is that early incorporation of active agents into frontline regimens (rather than reserving them for the relapsed/refractory setting when the disease is significantly less likely to be curable) will improve outcomes. Several ongoing clinical trials with preliminary results address the potential use of frontline blinatumomab. Preliminary results from an ongoing phase II trial examining hyper-CVAD in sequential combination with blinatumomab for younger patients (<60 years old) with newly diagnosed Ph-negative B-cell ALL have recently been presented. 50 Briefly, hyper-CVAD employs cycles of cyclophosphamide, vincristine, doxorubicin, and dexamethasone alternating with high-dose methotrexate and cytarabine and, historically, was given for 8 cycles, followed by 2-3 years of POMP maintenance. 3 In this hyper-CVAD plus blinatumomab trial, the chemotherapy is decreased to four cycles of hyper-CVAD/methotrexate-cytarabine, followed by four cycles of blinatumomab. The duration of maintenance therapy has also been reduced to 18 months and consists of 3 cycles of POMP alternating with 1 cycle of blinatumomab for 15 total cycles. The goal of adding blinatumomab was to increase MRD Longer follow-up and more patients will be needed to assess whether early incorporation of blinatumomab improves outcomes versus chemotherapy alone. Another ongoing phase II trial examines mini hyper-CVD and INO ± blinatumomab (regimen described above) for older adults with newly diagnosed Phnegative B-cell ALL. 51 Adults aged >60 years with ALL have consistently poorer outcomes when compared to younger individuals, largely driven by poor tolerance of intensive chemotherapy regimens. [4] [5] [6] Sixty-four patients aged >60 years have been treated. Median age was 68 years (range 60-81) and 27 (42%) were >70 years. Among evaluable patients, the ORR was 58/59 (98%) with 86% achieving CR. Fifty-nine (94%) patients achieved MRD negativity by 6-color flow cytometry. Twenty-one (33%) of patients died in CR/CRp, with a disproportionate rate of remission deaths in adults >70 years of age. Three-year OS was 54% and the 3-year continuous remission rate was 76%. Six patients (9%) developed VOD, of whom 3 died. These preliminary findings indicate a potential substantial improvement in the treatment of older adults with newly diagnosed ALL. A recently published propensity score analysis comparing this study cohort to historical controls who received traditional hyper-CVAD induction demonstrated the superiority of this novel regimen, with 3-year event-free survival rates of 64% and 34%, respectively (HR: 0.55, p = 0.02). 52 Given the increased rate of death in remission in patients >70 years of age (most of which were due to infection), the investigators plan to amend the study in this >70 years of age population to further reduce the chemotherapy and rely more on less myelosuppressive agents such as INO and blinatumomab. Novel regimens for the frontline treatment of Phpositive B-cell are also being investigated. An ongoing phase II trial examines blinatumomab + dasatinib for adults with newly diagnosed Ph-positive B-cell ALL. 53 In this trial, induction is with 85 days of single-agent dasatinib 140 mg followed by up to 5 cycles of blinatumomab. The study allowed adults of all ages to be enrolled, and the median age was 54.5 years (range: 24.1-81.7). At the end of dasatinib induction, 17 of 58 evaluable patients (29%) achieved complete molecular response or positive nonquantifiable disease. Of those who have completed the mandatory 2 cycles of blinatumomab 56% responded. The ORR increased to 80% in patients who have completed 4 cycles of blinatumomab. Eight patients underwent HSCT, and 1-year OS and DFS were 94% and 88%, respectively. This trial is unique in that no cytotoxic chemotherapy was used and patients of all ages were treated with this lowintensity regimen. It is likely that the lack of associated treatment-emergent adverse effects contributed to the encouraging survival outcomes reported. Several ongoing clinical trials are evaluating blinatumomab for Ph-negative ALL in the frontline setting, including three blinatumomab + cytotoxic chemotherapy trials (NCT02003222, NCT02877303, NCT02143414), and one trial examining blinatumomab + INO without cytotoxic chemotherapy (NCT03739814). There are also several ongoing clinical trials evaluating blinatumomab for Ph-positive ALL in the frontline setting: including blinatumomab + dasatinib (NCT02143414), blinatumomab + ponatinib, and hyper-CVD + blinatumomab + ponatinib (NCT03263572, NCT03147612). The goal of all these studies is that with the addition of blinatumomab to TKI therapy, we can reduce (or eliminate) the reliance on intensive chemotherapy in Ph-positive ALL for all age groups.
Future Directions
Blinatumomab has improved the prognosis for many patients with relapsed/refractory B-cell ALL, has revolutionized the way we treat MRD, and is allowing for the development of more targeted, chemotherapy-sparing approaches in ALL. These achievements demonstrate the potential for major future treatment breakthroughs as our understanding of the basic immunobiology of leukemia improves. However, many unanswered questions remain regarding how to optimize the therapeutic impact of blinatumomab.
The place of blinatumomab in frontline ALL therapy remains a particularly important question, with multiple ongoing clinical trials as outlined above. How to best combine blinatumomab with cytotoxic chemotherapy and INO remains unknown. Another area of inquiry focuses on how much cytotoxic chemotherapy can be avoided if novel therapies are used in combination, without decreasing response rates or impairing long-term outcomes. The long duration of response observed in patients who achieve MRD negativity with blinatumomab suggests that not all patients with MRD require HSCT, which is revolutionizing our concept of ALL therapy. Additionally, lengthy disease-free survival has been observed in patients in first salvage who respond to blinatumomab, INO and cytotoxic chemotherapy, raising a similar question of the need for HSCT in the relapsed/refractory setting. How blinatumomab might be combined with chimeric antigen receptor (CAR) T cells is also a matter of debate, with some experts advocating for combination therapy and a head-to-head trial of blinatumomab versus CAR T cells ongoing (NCT03628053).
Blinatumomab resistance remains incompletely understood. Originally thought to be driven by an isolated molecular event involving disordered membrane trafficking of CD19, 54 recent data suggest that the majority of patients who relapse after responding to blinatumomab do not lose CD19 expression. 55 Some data suggest that resistance may be mediated by the alternative splicing of the CD19 locus resulting in truncated, non-immunogenic CD19. 56 Nonresponse to blinatumomab has also been attributed to an exaggerated regulatory T cell (T reg ) response seen in some patients, and more investigation is warranted into the cause of this T reg expansion and potential mitigating strategies. 57 Several ongoing clinical trials are examining the ability of antibodies directed against programmed death receptor-1 to attenuate T reg expansion (NCT03160079, NCT03512405, NCT02879695). The administration of blinatumomab is a cumbersome process for some patients in that a 24 hr continuous infusion is required, with a minimal delay during bag changes. This is particularly a challenge in resource-limited settings where outpatient blinatumomab administration is not feasible due to the required frequency of bag changes. Polymer-based depot formulation of a bispecific antibody has been reported previously, 58 and a current Phase I trial is investigating the potential for intermittent subcutaneous administration of blinatumomab, albeit in lymphoma (NCT02961881). Future advancements in the drug product formulation of blinatumomab may produce an increased plasma half-life with less frequent dosing.
Conclusion
Blinatumomab represents a significant treatment advancement for patients with relapsed/refractory or MRD-positive B-cell ALL. Compared to other available therapies, it is particularly effective at eradicating MRD, which is a wellestablished endpoint that correlates with improved longterm survival. Emerging data indicate that combinations with blinatumomab, including with cytotoxic chemotherapy and/or INO, are highly effective for the frontline treatment of B-cell ALL in both older and younger adults, as well as for those with relapsed/refractory disease. The degree to which blinatumomab will permit a reduction in the use of cytotoxic chemotherapy when incorporated into traditional induction or salvage regimens is currently being investigated. Additional insight into the cellular and molecular events which contribute to blinatumomab treatment failure may further improve treatment outcomes for patients with ALL. 
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